hematopoietic stem cell transplant (Stein and Tallman 2012) . Treatment should be sufficiently aggressive to achieve complete remission, because partial remission offers no substantial survival benefit ( Jourdan et al. 2001; Walter et al. 2010; National Cancer Institute 2018) . Survival time among persons age 60 and above foregoing aggressive induction treatment is estimated to be about four months (D€ ohner et al. 2010; Burnett, Wetzler, and Lowenberg 2011) .
Worldwide, treatment of adults with AML consists of induction chemotherapy with a cytarabine/anthracycline combination, followed by one to four cycles of consolidation chemotherapy or a stem cell transplant. The induction phase is operationalized as seven days of intravenous (IV) cytarabine plus three days of either daunorubicin or idarubicin, based on randomized controlled trial results from trials conducted in the 1980s (Rai et al. 1981; Yates et al. 1982; Preisler et al. 1987; Stein and Tallman 2012) . While the anthracycline component of a regimen can vary, cytarabine remains the core. Successive consolidation therapy with high-dose cytarabine should follow as soon as a patient has sufficiently recovered from myelosuppression.
DNA testing is now commonly performed to identify patients with histology markers more favorable to a treatment response (Khwaja et al. 2016) . Nongenetic negative prognosticators include advanced age, a white blood cell count greater than 100,000 cells per cubic millimeter at the time of diagnosis, history of myelodysplastic syndrome, history of prior receipt of chemotherapy, infection at the time of diagnosis, and penetration of leukemia cells into the central nervous system ( Jiang et al. 2009; Tefferi and Vardiman 2009) . Prolonged time to induce remission is also believed to be a negative prognostic factor (American Cancer Society 2015) .
Acute promyelocytic leukemia (APL) (I-O-C type 9866) diagnosis is the one exception to use of cytarabine. Rather, this variant of AML is typically treated with a cocktail comprised of tretinoin, idarubicin, and arsenic trioxide (O'Donnell et al. 2013; National Comprehensive Cancer Network 2014) . The absence of indication for use of cytarabine across this subgroup allows these patients to be used to perform a "falsification" robustness check.
Unlike prior studies attempting to understand drug substitution patterns during a period of compromised supply (Goodman et al. 2012; Havrilesky et al. 2012; Jain et al. 2012; Metzger, Billett, and Link 2012; Patel et al. 2013; Poi et al. 2013; Trifilio et al. 2013; Berger et al. 2014; Nickel et al. 2014) , our primary objective was to understand the impact of a chemotherapy drug shortage on cancer patients with a time-sensitive diagnosis in the absence of a therapeutic substitute. A cohort of patients diagnosed with incident AML during calendar year 2011 when cytarabine market availability was constrained provided the data for our study of accessibility and timeliness to treatment during a recognized shortage period. Additionally, we examined the extent to which there were differences in receipt of cytarabine treatment by the patient age and primary versus secondary malignancy status, as older patients and patients for whom AML is not a first primary cancer may have been less likely to receive treatment.
METHODS

Data
The two primary data sources for this analysis were the National Cancer Institute (NCI) SEER-18 linked Patient Entitlement and Diagnosis Summary File (PEDSF) and Medicare Parts A & B claims (linked claims). The PEDSF file included patients from18 registry regions crossing 12 states, approximating 28 percent of the U.S. population (Warren et al. 2002; NCI Epidemiology and End Results Program 2016) . In addition, a de-identified linked hospital characteristics file was sourced for identification of academic affiliation, hospital bed size, and NCI affiliation. The associated research protocol was approved by the Institutional Review Board at University of Illinois at Chicago.
The starting SEER PEDSF file contained records for 27,565 patients with an incident diagnosis for leukemia of any type or etiology during calendar years 2008 through 2011. Minimum requirement for inclusion was a SEER-recorded diagnosis of AML between 1/1/2008 and 12/31/2011 as manifest by an ICD-0-3 site group of 1.2.
Patients were excluded due to non-AML leukemia subtype, AML diagnosis not conferred prior to death/autopsy, multiple diagnosis dates, entitlement reason of end stage renal disease (ESRD), noncontinuous Medicare Part A or B coverage, leukemia site of origin other than blood or bone marrow, missing diagnosis month/year, age at diagnosis <65 or >74, insufficient claims on file, or inpatient IV chemotherapy having taken place 1-30 days prior to diagnosis date (Appendix SA3).
Key outcome measures included receipt of inpatient chemotherapy and time to first dose inpatient chemotherapy, conditional upon receipt.
The "Aday and Andersen framework" guided the selection of independent control variables (Aday and Andersen 1974; Aday et al. 2004) . Within this framework, health policy serves as a vehicle able to affect characteristics of the patient population at risk and environment and health care delivery system, each of which may lead to changes in the utilization of health care services. Accordingly, independent control variables included basic patient demographics (gender, marital status, race, age), health history (Charlson Comorbidity Score, whether AML was first primary cancer, histology favorability), and patient residential and socioeconomic measures (region of the United States, urban versus rural, and census tract poverty level indicator above 20 percent). Health system control variables included hospital bed size, teaching status, and presence of any NCI affiliation.
Histology favorability definitions utilized were consistent with the WHO I-O-C3 classification system (World Health Organization 2008). Charlson score was calculated utilizing both hospital and physician office diagnosis codes from claims for the prior (12-month lead in) and index (month of diagnosis) periods, following the methodology developed by Klabunde, Harlan, and Warren (2006) , Klabunde et al (2000) , and for which SAS macros exclusive of cancer diagnosis are provided by NCI (National Cancer Institute 2017b). Health facets of interest not controlled for were infection status at diagnosis and leukemia cell penetration into the CNS, given difficulty of articulating these from Medicare claims data.
Claims for diagnostic procedures associated with a bone marrow biopsy (D€ ohner et al. 2010; Seiter 2016 ) and cytogenetic and immuno-phenotyping tests were utilized to arrive at an estimated calendar date of diagnosis at day/ month/year level of specificity as opposed to month/year supplied in the PEDSF file (Appendix SA4). Medicare Part A hospital claims beginning 30 days prior to the assigned date of diagnosis were searched for presence of an ICD-9-CM procedure code value of 99.25 without a concomitant ICD-9-CM procedure code of "0392," "9649," "5497," and "3491" (nonintravenous routes) to identify instances of administration of intravenous chemotherapy. As explicit drug name is not included in Medicare Part A claims, additional criteria were applied to minimize likelihood of identification of a drug protocol other than a [7 + 3] cytarabine plus anthracycline combination. Criteria enforced included a requirement for a 99.25 chemotherapy administration procedure code to be greater than or equal to the date of AML diagnosis, minimum 7-day length of stay (LOS) during first treatment, and absence of outpatient administration of azacitidine or decitabine (hypo-methylating agents) within the first 60 days following diagnosis.
Cytrarabine sales volume in grams as reported in The IMS National Sales Perspective Database (IMSHealth. 
Statistical Analysis
Proportion of patients receiving one or more doses of qualifying inpatient chemotherapy within 7, 14, 28, and 60 days post estimated date of diagnosis by shortage period was compared using a Pearson chi-square statistic.
The following logistic regression model was used to estimate the receipt of inpatient chemotherapy within 7, 14, 28, and 60 days of diagnosis:
where p i is a binary indicator for receipt of treatment within 7, 14, 28, or 60 days, g is a constant (intercept), b 1 and b 2 are the coefficients for exposure to major and moderate shortage conditions as compared to nonshortage at time of AML diagnosis, respectively, and b 3 -b 16 represent the coefficients for a full set of covariates previously described. Standard errors were clustered at the hospital level. Median number of days to first qualifying dose of inpatient chemotherapy were estimated for the subset of the sample diagnosed during each respective shortage time period, restricting the sample to those patients who did not receive a hypo-methylating agent as outpatient within the first 60 days following diagnosis. An upper bound of 60 days was imposed upon this measurement, so as not to skew the comparison with extreme positive outliers for reasons other than limited drug supply. As the data were overdispersed, negative binomial models were utilized to estimate the association of shortage status with time to first treatment, conditional on receipt of treatment.
A two-part hurdle model was estimated to allow for evaluation of both receipt and timeliness of treatment within a single model. The first part was a logistic model of whether a patient received any treatment and the second part was a zero-truncated negative binomial model to generate an incident rate ratio for having received treatment within a designated time window, Drug Shortage Impacts Receipt of Chemotherapyconditional on receipt of treatment. The following equation is applied (Hilbe 2007; Cameron and Trivedi 2013) :
where Y indicates whether patient i has received any treatment at time t, Z is comprised of a three-category shortage exposure variable as previously described and X controls for a full list of covariates. Given the absence of any equivalent drug substitute, bivariate logistic regression models were constructed to test for potential substitution of a nontherapeutically equivalent drug within the first 30 and 60 days following leukemia diagnosis, which might prolong survival though not induce a full remission (Huls 2015; Khwaja et al. 2016) .
A series of robustness checks were performed to evaluate impact of a slight shift in predicted diagnosis date as well as modifications to the attribution algorithm used to determine a patient's first date of inpatient chemotherapy. The first two tests varied the number of attribute points required for inclusion of either a diagnostic date determinate or induction proxy assignment. A third robustness check relaxed the hypo-methylating agent exclusionary period from 60 to 30 days.
A final robustness check consisted of a falsification test performed on the previously removed subset of patients with a diagnosis of acute promyelocytic leukemia, an AML subtype for which cytarabine is not utilized, to understand if a potential unmeasured period effect may have been responsible for shortage exposure findings.
RESULTS
Patient demographic characteristics and relevant health history by shortage period are summarized in Table 1 . Diagnosis records spanned 1568 patients and 875 hospitals. There were no significant differences in patient demographic characteristics across respective major, moderate, and nonshortage (control) time periods. Significant differences in health attributes across shortage and nonshortage groups were noted for AML is first primary cancer, history of myelodysplastic syndrome, and prior receipt of a hypo-methylating agent.
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HSR: Health Services Research 53:6, Part I (December 2018) 77261, 77262, 77263, 77280, 77285, 77290, 77295, 77299, 77300, 77331, 77332, 77333, 77334, 7399, 77401, 77402, 77403, 77404, 77406, 77407, 77408, 77409, 77411, 77412, 77413, 77414, 77416, 77418, 77419, 77420, 77425, 77427, 77430, 77431, 77432, 77470, 77499, 77761, 77762, 77763, 77776, 77777, 77778, 77789 A three-way comparison (F-test) showed statistically significant differences in proportion of patients receiving treatment within 14 (p < .05) and 28 days (p < .1) post diagnosis across shortage periods. By the time 60 days had elapsed, a statistically significant difference was no longer found. A twoway comparison restricted to the proportion of patients treated during periods of major versus nonshortage conditions revealed statistically significant differences in proportion treated (p < .05) at 7, 14, and 28 days post diagnosis (Appendix SA5).
A nonparametric Wilcoxon Rank Sum test (Wilcoxon 1945 ) approached statistical significant differences in median days to first qualifying dose for persons diagnosed during a period of major versus nonshortage for the sample in full (p = .053), for the subgroup of patients for whom AML was not a first primary cancer (p = .049), and for the subgroup of patients aged 70-74 years (p = .083). Figure 1 provides a graphical progression of days to first dose by patient age and primary cancer status.
Multivariate logistic regression models failed to reveal a statistically significant difference in odds of receipt of inpatient chemotherapy at an elapsed Drug Shortage Impacts Receipt of Chemotherapytime period of 7 days for patients diagnosed during a period of major shortage; however, odds of receipt of inpatient chemotherapy was found to be 47 percent less (OR = 0.531, p < .05) for the sample at large and 62 percent less for the subgroup of patients in which AML was not a first primary cancer (OR = 0.382, p < .1) by 14 days post diagnosis. At 28 days post diagnosis, comparative odds for receipt of chemotherapy during a period of major shortage was 31 percent less than baseline but no longer statistically significant (Figure 2) .
There was no significant difference in odds of receipt of IV chemotherapy for the sample at large diagnosed during a nine-month period of moderate supply compromise; however, persons aged 65-69 for whom AML was not a first primary cancer were found to be more likely to have received treatment (OR = 2.558, p < .01) at 28 days post diagnosis than counterparts diagnosed during the baseline nonshortage period (not shown).
As shown in Table 2 , two-part hurdle model findings suggest access to inpatient chemotherapy treatment for persons diagnosed during period of major shortage to be just over half of that seen during periods of nonshortage (OR = 0.531, p < .05). For patients treated within 14 days of diagnosis, there was no relative difference in timeliness of treatment (IRR = 0.983, NS), holding all other factors constant. Timeliness of treatment waned with days elapsed, with model estimates suggesting it to have taken on average 30 percent longer (IRR = 1.301, p < .1) holding all other variables constant, when the time window following diagnosis is widened to 60 days.
Additional subgroup analysis (not shown) suggested that patients for whom AML was a first primary cancer were more likely to have received treatment at each successive time point, as compared to persons for whom AML was a second or later cancer. The most notable finding was the 60-day IRR estimate comparing timeliness of treatment (IRR = 1.488, p < .05), suggesting it to have taken on average close to 50 percent longer for persons in which AML was a secondary or later cancer to have begun induction treatment during a period of major shortage as compared to baseline.
Factors that were positively associated with the receipt of treatment having controlled for the type of shortage period included female gender (14 days), AML as first primary cancer, younger age, lower Charlson score, urban address, hospital teaching status (14 days), and hospital bed size greater than 200. Charlson comorbidity score was a significant correlate of treatment for persons for whom AML was a first primary cancer, but not for persons for whom AML was a secondary or later cancer. Significant overlap was found between attributes influencing odds of treatment with those demonstrating a relationship with timeliness of treatment.
As shown in Table 3 , findings from logistic regression models testing for outpatient use of a nontherapeutically equivalent drug within 30 days of diagnosis were consistent with substitution. Patients diagnosed during a period of major shortage were found to be 75 percent more likely (OR = 1.75, p < .05) and moderate shortage 54 percent more likely (OR = 1.544, p < .05) than persons diagnosed during a period of nonshortage to have received azacitidine or decitabine as an outpatient within the first 30 days following diagnosis. A final set of substitution models restricted to the subset of patients without evidence of receipt of a hypo-methylating agent during the year prior to diagnosis found even greater differences in substitution of either azacitidine or decitabine at both 30 and 60 days post diagnosis.
Findings from robustness checks 1, 2, and 3 (not shown), which introduced variation into the applied diagnostic and induction date algorithms were directionally in line with modeled results. In addition, the falsification test performed on the subset of patients with APL for which cytarabine is not utilized (check 4-not shown) failed to uncover any unmeasured period effect coinciding with cytarabine shortage dates.
DISCUSSION
This research represents the first quantitative evaluation of a disruption in the supply of a generic oncolytic drug agent with no close or distant therapeutic substitute for the diagnosis on receipt of and time to treatment. With the exception of Metzger et al.'s study of the consequences of a shortage of the drug mechlorethamine among a pediatric ALL population (Metzger, Billett, and Link 2012) , this is the only multisite study to have investigated potential compromises in patient access to treatment absent of a clear substitute. Further, this research investigated which subgroups of patients were more versus less likely to receive treatment and differences in length of delays encountered across subgroups. Hence, this research serves as a foundation for future researchers looking to evaluate implications of a drug shortage, absent a therapeutic substitute.
We found the odds of receipt of inpatient chemotherapy for patients diagnosed during a period of major shortage to be 53 percent of those for patients diagnosed during the prior nonshortage period. Conversely, there was not a significant difference in odds of receipt of IV chemotherapy within Drug Shortage Impacts Receipt of Chemotherapy 5093 Age appears to have been a factor considered by clinicians when faced with rationing of a scarce chemotherapeutic, with the subgroup of persons aged 70-74 having experienced a larger negative directional shift in odds of receipt than persons aged 60-65. Given the small sample size for the major shortage period, confidence intervals were wide and estimates were not significant.
Median time (days) to first qualifying dose of inpatient IV chemotherapy was found to be 11 days during a period of major shortage versus 7 days during a period of nonshortage for the sample at large, with no significant difference identified for patients for whom AML was a first primary cancer (8 vs. 7 days). Conversely, a delta of 8.5 days was found for the patient subgroup for whom AML was not a first primary cancer (17.5 vs. 9 days).
While not considered to be a therapeutic substitute, increased utilization of hypo-methylating agents within the first 30 days following an AML diagnosis was identified for persons diagnosed during major (OR = 1.75) and moderate (OR = 1.544) shortage periods. Substitution appears to have been most prominent among persons aged 70-74 for whom AML was a first primary cancer. When the same substitution outcome was examined at an elapsed time period of 60 days post diagnosis, odds ratios for receipt of a substitute therapeutic were found to be 1.531 and 1.636 during periods of major and moderate shortages, respectively, as compared to nonshortage.
Four different robustness checks were performed, the first three designed to assess plausibility of assigned definitions for date of diagnosis and identification of first treatment receipt and the fourth to assess for the presence of an otherwise unobserved period effect as a potential source of shortage exposure findings. Nondifferential findings from this fourth robustness check performed using the sample of patients with APL (N = 77) whose diagnosis is the one exception to use of cytarabine, provides the strongest evidence suggestive of a causal basis for our findings. Should the shift in odds ratios visualized in the main analysis for the subset of patients diagnosed during a period of major shortage be a manifestation of omitted variable bias as opposed to being a consequence of exposure to drug shortage conditions, one would have expected to observe the same directional shift in odds ratios with the APL subgroup. However, greater rather than lower odds ratios were identified at elapsed time periods of 7 and 14 days for persons diagnosed during a period of major shortage as compared to nonshortage, which migrate down to a value of 1.0 (bivariate) or 1.12 (multivariate) by 21 days of observation. While we expected the odds ratio to be equal to 1.0 at all measurement time points, it is 5096 HSR: Health Services Research 53:6, Part I (December 2018) possible that the early elevation observed in the falsification patient subset was tied to a general prevailing urgency to get patients into treatment as quickly as possible, given the large number of drugs undergoing a shortage across calendar year 2011. The literature is mixed on the role and value of aggressive induction therapy in older adults, which is one explanation why the level of treatment compromise estimated, might be less dire than some might have anticipated. While Lowenburg et al. previously reported a median difference in survival time of 10 weeks (21 vs. 11 weeks), not all clinicians are proponents of aggressive induction treatment in older patients.
Burnett et al. caution that while 50 percent of patients aged 60-74 with no comorbidities and scores of 0 or 1 based on the World Health Organization/Eastern Cooperative Oncology Group Performance Status Scale (WHO/ECOG PS) are expected to achieve complete remission after 1-2 cycles, unfavorable cytogenetics reduce this proportion to approximately 30 percent (Burnett et al. 2010; Burnett, Wetzler, and Lowenberg 2011) . Appelbaum et al. in turn speak to high mortality rates following induction, pointing out how 31 percent of patients aged 66-74 with a performance score of two, and 47 percent of patients with a performance score of three, are likely to die within 30 days of induction (Appelbaum et al. 2006 ). Juliusson et al. in turn counter that the majority of AML patients up to 80 years of age should be considered fit for attempt of intensive induction treatment, citing Swedish registry data findings suggestive that standard intensive induction therapy decreases, rather than increases, 8-week death rates in most patients up to 80 years of age ( Juliusson et al. 2009; Juliusson 2011) .
The findings in this study are subject to a number of limitations. First, the use of Medicare fee-for-service claims data did not permit for identification of care delivered elsewhere, such as through the Veterans Health Care System, state or county health care facilities, or via a clinical trial. To address this limitation, patients were required to have Medicare Parts A and B enrollment starting 12 months prior to month of diagnosis and exclusive reliance on Medicare claims data for identification of treatment received.
Second, SEER registry data lacks calendar date level of specificity for time of diagnosis and fails to track functional performance scores. Hence, we developed and implemented a diagnostic date algorithm based upon sequential calendar dates of diagnostic procedures likely to comprise an initial leukemia work up to improve upon diagnostic date precision, and calculated a Charlson Comorbidity score adjustment factor to control for comorbid health states.
Drug Shortage Impacts Receipt of Chemotherapy
Third, documentation of initial receipt of chemotherapy within SEER registry files is regarded as incomplete and not recommended for analytic use (Du et al. 2006; Noone et al. 2016; National Cancer Institute 2017a) . Further, Medicare Inpatient claims files fail to specify the exact identity of chemotherapeutic entity administered while inpatient. To address this data gap, an algorithm was developed requiring presence of an ICD-9 procedure code corresponding with administration of IV chemotherapy, a minimum length of stay was imposed, and receipt of a hypo-methylating agent within 60 days following diagnosis as outpatient was disallowed, accompanied by sensitivity testing. Despite the level of rigor implemented to identify and test our definition for a cytarabine induction proxy, it is possible that a portion of patients counted as having received inpatient [7 + 3] cytarabine-containing induction chemotherapy regimen may have received either azacitidine or decitabine, given the upward shift in usage identified both prior to and post diagnosis in Part B claims. Unfortunately, due to data limitations, we cannot address this possibility.
It is important to acknowledge the absence of sufficiently tight confidence intervals to achieve a high level of statistical significant given the modest number of patients (N = 105) diagnosed during the three month period categorized as major shortage and the controversy over placing an older patient on aggressive chemotherapy, even during periods of nonshortage.
While a series of negative directional shifts in odds ratio point values was observed across consecutive time periods, the majority were not found to be statistically significant at an alpha value of 0.05. Consequently, additional research with larger sample sizes is recommended to further our understanding of access to treatment ramifications of a shortage of a chemotherapeutic absent a therapeutically equivalent substitute.
As the price of a generic molecule erodes to a point close to the marginal cost of manufacturing, the level of incentive for a pharmaceutical manufacturer to remain in a market wanes. Wiske, Ogbechie, and Schulman (2015) speaks to how observed drug shortages and price spikes are negative outcomes associated with a malfunctioning marketplace (Wiske, Ogbechie, and Schulman 2015) . They further call out how the generic pharmaceutical market is challenged by both financial and time-related entry barriers, unlike more efficient commodities markets. To address these challenges, those authors proposed provocative strategies of restricted generic market entry and tax-incentives for long-term contracting between generic drug manufacturers and large distributors or other methods to create a futures market for generic drugs.
In January 2018, Intermountain Healthcare announced a collaboration consisting of members from 450 hospitals has been formed to combat rising This press release suggests one impetus for the formation of this new nonprofit drug company is to stabilize the available supply of essential generic medications administered in hospitals and health systems. The effectiveness of this new initiative to reduce drug shortages will need to be assessed over time.
Findings from this study can be used to inform legislative bodies of the consequences of a supply disruption on patient access to a time sensitive treatment. While the Orphan Drug Act of 1983 has provided a stimulus to attract pharmaceutical manufacturers to have interest in newer therapies targeted for use in relatively small populations, these same financial incentives do not apply to the sale of older generic drugs with expired patent exclusivity prior to passage of this act. Further, not only are these older pharmaceuticals subject to relatively small marginal returns, a manufacturer's ability to adjust price may be subject to the terms of multiyear contractual agreements between pharmaceutical manufacturers and group purchasing organizations.
This study was conducted to understand ramifications of a market's failure to supply sufficient quantities of a generic oncolytic absent a therapeutically equivalent substitute on patient access and timeliness of treatment. Patients diagnosed during a major cytarabine shortage were approximately half as likely to receive inpatient chemotherapy within two weeks of diagnosis. Persons who were younger, had a lower versus higher Charlson Comorbidity score, and for whom AML was a first primary cancer appear to have been prioritized. Substitution of a nonequivalent drug was also identified.
